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NEUTRON IRRADIATION OF Nbssh?AND NbTi MULTIFILAMENTARY COMPOSITES‘

Don M, Plrkln+ and A. R, Sweedler*

ABSTRACT

Nb[i aud Nb3Sn twultifilamentary composites have
been irvndlntea,gicn stt-neuzronl at 60 * 5°C to flu-
snces of 1.2x104" n/em® (U > 1 MaV). The NbTLi samples
show only a mudurste reduction of 1. as a function of
neutron fluence in an applied field of 40 kG. Reduc-
tton! in Ic were observed for fluences greater than
1017 n/cfi2 and spturate at 18% for fluences greater
than 3-tx1019 u/cmé. The Nb.Sn composites ahowed large
neutron radiation induced chgnguu in To, Io and Hyy,
Raductions in Ty, were obsarved for r.-ences greater
than 7x1017 n/m?. No gcnnur,blo changas in 1, (40 kG)
were obsurvad “clow 1018 n/cm®, Between 2 and 3x10}8
n/cwm*, howover, there is an apparent threshold where a
very rapid reduction in I, (40 kG) 1w initiated. At the
threshold the dccronu; in T, is 13X, Batwesn the
threshold and 1.1x101? n/en?, 1.(40 kG) has oeen re-
duced to 4X of the uuirradiated valus., These changes
iv superconducting properties in NhTi and NbqSn are
analysed in terms of the radiation induced defects.
The impact of the response to irradiation of both ma-
terials on their applications in fusion reactor mag-
nuts is discussad.

1. INTRODUCTION

Suparconducting magnets have heen proposed as in~
tegral componants of new High Energy Accelerators and
Controlled Thermonuc\ear Reactors (CTR's), Suparcon=
ducting wmagnets in both applications will be subject to
rad/2tion fielde in which the supurconductor will un-
dergo radiation demage. The most important of thame
applications in torms of sustainad ctadiation flux,
sconomics and impact on msoclety ls superconducting map-
nets for plasma confinement in fuwicn resctors. The
large sine, 10-20 meter bore tor teronidal field coilm,
and the magnetic field at the plaswa, 40 to 60 kG, are
fmportant purametera in determining, the economics of a
fusion reactor concept.' /s a vesult, the responss of
teahnologtcally imporsant superconcuctors to radiation
sAposure can play an {mportant role {n determining the
magnet denign characverintics and contn of a resctor
concupt.

The two eupercondu, tors most froquently conmider-
od for application are NLTL and Nh.8n, The maximum
tield at the conductor for MbTL apflicationn would Le
00=90 kU and )1%0-160 kU for Nh,ﬂuﬁ Rtudien of the of-
fecta of rnd(u!louwvoln. neutrona® "’ and energetic
charged particlen have shown that changes {n o T,
and "c) oreur fn hoth materialn, OF the two nutortalﬁ.
Nb’nn shich han the A=13 airucture, is more sennitive
to radintion than NhTL, Onm apecitic obwervation of
theae wtudien (e that not only are the unicradiated
superconduct tng propertien mich an critical current a
funotion of wample preparation, hut the obaerved radi.
ation damape eftwctn are aluo dependent on the initial
atate of the wample. To atudy the effectn of geutron
frvadiation in mupsreonduct ing magnetn, enginsering
waterialn tn the furm of multitilamentary componiten
wore uned in thie study,
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I1. EXPERIMENTAL

Samples of NbT1 and NbqSn multifilamentary compos-
ites anu single phase chemical vapor deposited NbySn
vere irradlated in the fsat-neutron flux of the Brook-
haven High Flux Beam Reactor (HFBR), The temperature
of the samplias during irradiation was 60 ¢ $°C., Irrad-
istions were performed up to fluences of 1.2x10 n/em?
(E > 1 MeV). The NbTL samples were commercial '"Super-
con 402" wirea with 402 filcments of NDTi and a compos-
ite diameter of 0.02 cm. The Nb;Sn samples were fabri-
cated at Brookhaven National Lab, by M. Suenaga as 0.04
cm wire containing 19 filameuts in a Cu-10 wt ¥ Sn ma-
trix. As shown in Fig. 1 tho Nb.Sn filaments consist
of a copper core, unreacted Nb liycr and a Nb,Sn diffu~
sion layer. A mores detailed descriptiocn of thc sample
msaterial is given slsavhere.

Critical current measurements as a function of ap-
plied field and measurement temperature were performed
using a four-point resistance technique, The critical
current was defined as the current for which 3uV was
developad across a l-cm length of sample. Each daua
point in the figures is the average value obtained from
measurements on several indepandent samples. The crit-
ical temperature, Tey measuremants were made using a
standard mutual inductance technique.

I1I. DISCUSSION
NbTi

Results of the 4.2 K measurements of I_. on NbTL as
a function of neutron fluence with Hiw4() kG are givan
in Fig. 2. Reductions in {9(40 kg) are obswerved for
!lucnc!‘ greater than Ix10'/ n/ecm®, At fluences abcve
3-4x10%7 n/emé, the reduction in I,(40 kG) tends to
saturate at 18%, For "l less than 40 kG, however, e
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Fig. 2, I.(40 kC) at 4.2 K as & function of fast-
neutron fluence for NLTi multifilamentary composites.

continuas to decrease. From 1.6x.‘.019 to 1.2x102° n/cm2
the decrease in I, at 10 and 20 kG goes from 21 and 17X
to 29 and 27X respectively., Further, for H| less than
40 kG, the I_ reductions are not only larger but arg
observed at iowor fluences than at 40 kG,

The magnitude of the reduction in IC(AO kG) can be
compared to other neutron irradiation studies of NOTHL
filaments. Soell et al, irradiated bare filaments at
3 K with neutrons. After irradiation they annealed
their samples at room temperature. After annealing a
13% slductton in I, remained at a fluence of 7.5x1018
n/cm®. The estimated reduction in I, from Fig. 2 for
this study 1is 12X,

Decreases in I, in NbTi have been observed after
low temperature neutron irradiation amd decreases in
Iae T Bnd Hy 2 have b’en ohserved after low temperature
protoal and deuteron’ irradiation. The genersl model
vhich these authors have used to analyze the obmerved
reductions in I is opre in which the radiation induced
defects reduce the pinning wtrength of preexisting pin-
ning centers. The pinning strength is reduced by the
decroasing difference in defuut concentration batween
that in the matrix and that in the pinning centers.
Wohlleben’ has extended this analysis to include the
effectn of reductions in T, and H.p. He concludes that
after low temperature proton {rradistion 70X of the de-
creuse in Lo arises from a reduction 1 ~inning scremgth
and 30% from a reduction in T, or Hy2. In the prement
study only decreames in I, were measured wo that a da-
tatled appiication of Wohllubene model can not be made.
Wohlleben obavrved a constant percentage dcariqatlon,of
the I, (H[,Tp) wurface for the 3x1016 and 1x1017 p/cm?
irrad at{gna and a 7.7% reduction in I, was found aftur
the Ix10} p/em® f{rradintion plum rowi temperature an-
neal, 7This data can be compared to the prosent data by
caleculating the radiation induced defect productjon
crous moctifon for neutrons and protons. Approximate
calculationa of he defect production crorm sections
show that the proton dat lnvlndol the derect produc-
tion rnn!o 10~ ‘o 1077 dpa” and the present neutron
data 10°" to 107" dpa. In the wame dpa range the two
sets of data ahow differing radiation effects. In the
neutron data, l.(H*.T ) in nat conaraut and the corre=

on

sponding roductl ih 1, when compared to the anrealed

. dpa 0 a radiation damage unit which means diwplace-
montu/atom and in A meamure of the numbor of dim=
placementn or Interatitial=vacancy pates produced
per lattice ‘Lum alter a given time integratad flux
or fluene.
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Fig. 3. Ic(40 kG) at 4.2 K as a function of fast~
neutron fluence for Nbasn multifilamentary compcuites,

proton data are larger in the neutron case. These dif-
ferences could be related to the type of irradiation
and the sample material,

NbySa
Large reductions in T,, H. and I, were observed
in NbySn after neutron trridtacion. Tﬁil sonsitivity
to lrrlgigtion has n&lgobcon obl’rvod by o:haru after
L]

neautron pro:on.6° deutron’ and Oxygen’ bumbard-
ment, Little or no reduction in lc fgs ths 40 kG was
[fcm*. Ba-

observed for neu gon flyence below 10
tween 2 and 3x10*'° n/cm”, however, there is an appar-
ent threshold where a very rapid reduction ih ia\%v nl;
is 1n1t1nt!s an l!on in Fig. 3. Betwean the threshold
and 1,1x10*” n/cm I, (40 kG) has bean reduced to 4% of
the unirradiated value,

Tha response of T to neutron irradiation is shown
in Fig. 4. The normalfized cricical temparatura,
Ty=Te (¢t) /T, (0) is compared for the Nb,Sn composite
and single phasa NbySn., The initial T.'s are 15 and
18.1 respectively. Measuremants of T, on tha Nb;Sn
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Fig, 4. Normalimed critical temparature Ty
®* T ($)/T, (0) an a function ot famt-neutron fluence
for NhJSn &nd NhJSn multifilamentary componitan,
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composite could only be made for T greater than 9.1 ¥,
the Tc for the Nb cnres in the composite. In this tem-
peraturu range the nvrmalized reduction in T. agrees
with that for the pure Nb35n. At the current threshold
the T, reduction is 13X,

&ha magnitude of the radiation induced reductions
in Higfé.z K) are indicated in Figs. 1 and 5. Between
1.1x and 1.6x1019 n/em® H 5(4.2 K) 18 reduced below
40 kG. 'n this fluence range the projected T, changes
from ~ 8.9 to ~ 7.5 K,

Measurements of I as a function of H; to 40 kG
and measuring temperature, T, to 1.9 K, were conducted
on l!mplul irradiated to flucnces greater than 1.6x1019
n/em®.  The results of these measurements are summarized
by the data in Fig. 5. Within the data scatter indi~
cated in Fig. 5 no fluence dependence of Ic(n »T ) could
be detected in theae samples. Further the ac¥tter in
the data was not a systematic function of fluence. The
influence of H., snd Tc on I, was expected to be meas-
urable since tﬁo projected Tc'a are from 0-4 K, The
results of these measurements can be interpreted in two
wayst 1. in the Nb3Sn womposite, the fluence depend-
enca of T, ia greater than for pure Nb,Sn and Tc was
below 1.9°K for all samples, 2. for ail T and'H&.
ch(Nh3Sn) was less than for the Nb corms and 1.( s Tpy)
for NbaSn waa much less than for the Nb cores makifig
the Nb.Sn properties not detectable in the presence of
the Nby It was not possible to determine which inter-
pretation or combination of the two is correct. In
either cusce, the measurements arc believed to show the
pronertics of the Nb cores. This intrupretation is
supported by the fact that an Hy5(4.2 K) » 9 kG is in
agregmont with the value of 9.3 kG reported by Keil
et al."” for annvcaled Nb.

Increa~r followad by decreasas in I in Nb.Sn as
a funct’uon of ivradiation fluence huve becén repoited in

the literature.a'9 The basic model used to analyze
this data is one In which the radiation induced defects
act as pinning centers which enhance tie current and
after a critical concentraction is reached their pinning
effectiveness 13 reduced by further irradiation and the
current decreases. The amount of I  increase being a
function of initial I, vilue aud type of “riadiation.
In the present results no Ic increase wai observed,
suggesting that the taiation induced pinning centers
were not 48 effective .8 the preexisting ones in the
compoaite ssmplri., However, the present data huve two
important similarities with the literature data. The
fluence dependence of the reduction in Ic in the com-
posite samples is similar to the fluence dependence of
the decrease in Ic after the pcak increase observed by
others, This 1s eapecially true nf the oxygen irradia-
tion data. Second, the point at which I, starts to de-
crease in_hoth cases occurs at the same value of dpa,
i.e. = 10 ° dpa. Stated in another way, a rapid de-
crease in I  occurs after about the same number of de-
facts have been produced in Nb.Sn independent of sample
preparation or type of irradiation.

At tbe point where the decrease in I, occurs,
there is 4 corresponding 13X reduction in T,. The re-
duction in T following neutron irradiation in Nb5n
have been shéwn to be a general phenomon in a lacge
number of Nb based A-15 superconductora.lé, The ob=
served changes in T, have been correiated with radia-
tion induced disorder in the A-15 structure. Wwhen an
atom moves through an ordered lattice such as that in
Nb,Sn after receiving kiretic energy from a neutron
scattering event, both polnt defecta and lattice dis-
order are produced as its energy is dissipated,

In Nb3Sn the superconducting properties are alter-
ed both by radiation induced point defects and radia-
tion induced disorder, At the start of the rapid de-
crease in Ic' the lattice contains not only a sufficient
concentration of radiation induced interstitial and va-
carcy type defects that can directly effect 1_, hut al-
s0 tnough radiation induced disorder to produce large
reductions in Tc' Both of these types of radiation
damage must be cousidered in analyzing the effect of
radiation on 1., in Nb,Sn. The radiation induced dis-
order and the resultant changes in T

c and Hc must be
incorporated iu a model that describes the cﬁangos ia
Ic. The radiation induced change in I_ in Nb,Sn are

due to flux pinning e¢ffects and signlficant changes in
the fundamental superconductivity parameters,

iV. CONCLUSIONS

Neutron irradiation at 60 t 5°C of NbT{ muitifila-
mentary composites shows only moderate reductions in
rc(ao kG). Reduci’ons 19 I. were observad for fluences
greater than 3x10% n/em® and saturatiop at 16% was ob-
served for fluences above 3-4x1019 n/cmé. The present
neutron irradiation data were compared to other irradi-
ation data. It was observed that the present data
agreed with low temperature neutron irradiation data
but some differences with low temperature proton data
were discussed. The observed reductions in I are pri-
marily caused by a radiation induced reduction in pin-
ning strvength. Mecasurements of T and H., were not
made so that an analysis of the effacta of reductions
in TC and H, on I, could not be made.

Large reductions in T,» W.p and I, were oiz~rved
in the Nb.Sn multifilamentary compoaltes. A very rapid
docrease “in I.(40 kg) occyrs for neutron fluences
greater than 2-3x10! n/em®, Meusurable decrenﬁgs in
T, were observed for fluences greater than 7x10'' n/cm®.
Reductions in H,, were also observed. The senaitivity
of Nb,Sn to irradiation ifa due to radiation induced de-
fecte and radiation produced disorder in the A-15

2

structura.



The operating parsmetere for superconductirng mag-
nets in application in radiation fields such as in a
fusion reactor will be at temperatures near 4.2 K and
at maximum fields at the :sonductor of ~ 160 kG for
Nbssn, and 90 k& for NbTi. Since reductions in T, and
H.2 have been observed for both NbTi” and Nb,.Sn it is
reasonable to speculate that the radiation induced de-
gradation of the superconducting propertles might be
greater and occur at lower fluences than under the con-
ditions discussed in this paper. The relative magni-
tude of the radiation effects discussed in this paper
suggest that Nb,Sn would be more sensitive to irradia-
tion under these conditions than NbT1.
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